1. Introduction {#sec1-molecules-25-00136}
===============

In order to obtain a compound with specific practical applications, supramolecular chemistry is centered at modification of the properties of macrocycles through structural modification. Typical modifications include changing the ring size of the macrocyclic ligand, the types of donor atoms and the kinds of substituents \[[@B1-molecules-25-00136],[@B2-molecules-25-00136],[@B3-molecules-25-00136]\].

Lariat ethers are still attractive research objects due to the possible creation of interesting structures of complexes the both with cations as well as anions. The terms "lariat ethers" refer to crown ethers having side chains attached to the crown moiety by the so-called pivot atoms (C, N, or P). The side arms provide the possibility of incorporating atoms or groups with a lone pair of electrons enabling additional cooperation with the heteroatoms of the macrocycle ring, thus providing three-dimensional coordination of the guest cation \[[@B4-molecules-25-00136],[@B5-molecules-25-00136],[@B6-molecules-25-00136]\]. Intensive development of the lariat ethers concept has led to the preparation of the number of crown ethers, which can be used in various applications such as classical (polymer-supported catalysts PTC, reagents for separation and extraction, etc.) and highly sophisticated (the redox switches for membrane transport, synthetic cation-conducting channels, nucleotide-based molecular boxes and enzyme mimics) \[[@B7-molecules-25-00136],[@B8-molecules-25-00136],[@B9-molecules-25-00136],[@B10-molecules-25-00136],[@B11-molecules-25-00136],[@B12-molecules-25-00136]\]. There are three known main types of lariat ethers: C-pivot lariat ethers \[[@B13-molecules-25-00136],[@B14-molecules-25-00136],[@B15-molecules-25-00136]\], where the side arm is attached to the carbon atom, N-pivot lariat ethers \[[@B16-molecules-25-00136],[@B17-molecules-25-00136],[@B18-molecules-25-00136]\], and finally P-pivot lariat ethers \[[@B19-molecules-25-00136],[@B20-molecules-25-00136]\].

The subjects of this research are the P-pivot lariat ether derivatives. The versatile precursors for this type of P-pivot lariat ethers have been obtained by the reaction of hexachlorocyclotriphosphazene with tetraethylene glycol in the presence of sodium hydride ([Scheme 1](#molecules-25-00136-sch001){ref-type="scheme"}).

The numerous studies described in the literature on introduction different side groups indicated that oxygen and nitrogen nucleophiles cause regioselective substitution of chlorine atoms adjacent to the macrocycle. While the relevant sulphur bases such as sodium-sulphur thiolates, thiophenols, mercaptoalcohols, and dithiols, strongly prefer geminal substituting of the two chlorine atoms on the exomacrocyclic phosphorus atom from PCl~2~ group \[[@B21-molecules-25-00136],[@B22-molecules-25-00136],[@B23-molecules-25-00136],[@B24-molecules-25-00136],[@B25-molecules-25-00136],[@B26-molecules-25-00136]\], the introduction of additional "soft" nitrogen ligands derived from amino substituent (aziridine, pyrrolidine) increases the affinity of the ligand to the larger cations (potassium, rubidium, caesium, and silver). Ligands with amino substituents are also complexing with small transition metal ions like nickel and cobalt, and cadmium cation in the case of aziridinyl derivatives \[[@B25-molecules-25-00136]\]. Lariat ethers with alkylenediamines substituents have the complexing ability with both alkali metals, alkaline earth metals as well as transition metals. Such ligands, despite their good complexing abilities, do not exhibit high selectivity \[[@B27-molecules-25-00136],[@B28-molecules-25-00136],[@B29-molecules-25-00136]\].

In our research group, the studies of the complexing properties of macrocyclic compounds with particular focus on P-pivot lariat ethers have been conducted for years \[[@B30-molecules-25-00136],[@B31-molecules-25-00136],[@B32-molecules-25-00136],[@B33-molecules-25-00136],[@B34-molecules-25-00136]\]. These studies show that changes of substituents, as well as solvents used during the complexation process, affect the formation of the various structures of the complexes, especially with silver (I) cation. The studies for other cations comprise of the complexing behavior of PNP-lariat ether with other metal cations (Cd^2+^, Cu^2+^, Ca^2+^, and Pb^2+^) using ESI-MS and MS/MS techniques \[[@B35-molecules-25-00136],[@B36-molecules-25-00136]\]. Macrocyclic derivatives of cyclotriphosphazene and their complexes were found to reveal antitumor activity as well as anti-AIDS activity \[[@B37-molecules-25-00136],[@B38-molecules-25-00136],[@B39-molecules-25-00136]\]. Furthermore, these types of compounds are potentially useful as starting materials for the preparation of 'pH-controlled active ion carriers' in liquid membranes \[[@B40-molecules-25-00136]\].

This article describes the new P-pivot lariat ether formed by substitution of chlorine atoms in tetrachloro-PNP-macrocycle with the N-benzyl derivative of (S)-prolinamine as side groups ([Scheme 2](#molecules-25-00136-sch002){ref-type="scheme"}).

This derivative was obtained from the enantiomerically pure (S)-proline, which is widely used in organic synthesis \[[@B41-molecules-25-00136],[@B42-molecules-25-00136]\] and is the convenient substrate in the preparation of a number of derivatives with potential biological activity \[[@B43-molecules-25-00136],[@B44-molecules-25-00136]\]. The resulting ligand L has much more binding sites in its structure that can potentially attract metal ions: (1) Oxygen donor atoms derived from the macrocyclic backbone, (2) endocyclic nitrogen atom from the cyclotriphosphazene ring, (3) exocyclic nitrogen atoms from attached substituents, and (4) benzyl groups.

To date, macrocyclic cyclotriphosphazene derivatives have not been modified by this kind of side group. Introducing them into the system will allow us to obtain compounds with a stereogenic center, which is important from the point of view of application as potential pharmacological as well as chiral recognition agents. For the obtained ligand L, the complexing capabilities towards Ag^+^, Cu^2+^, Co^2+^, Ni^2+^, and Zn^2+^ ions have been examined. The choice of such a series of ions was imposed by the possibilities of subsequent applications.

In particular silver (I) complexes are proposed for application in radioimmunotherapy \[[@B45-molecules-25-00136],[@B46-molecules-25-00136],[@B47-molecules-25-00136],[@B48-molecules-25-00136]\], as well as an antimicrobial agent \[[@B49-molecules-25-00136],[@B50-molecules-25-00136]\] especially for pulmonary infections related to cystic fibrosis \[[@B51-molecules-25-00136],[@B52-molecules-25-00136]\]. Furthermore, coordination polymers based on silver (I) cations with different ligands attract attention \[[@B53-molecules-25-00136],[@B54-molecules-25-00136]\] due to the possibility of constructing new functional materials \[[@B55-molecules-25-00136],[@B56-molecules-25-00136],[@B57-molecules-25-00136],[@B58-molecules-25-00136]\] based on functionalized cyclotriphosphazene core.

Complexes of transition metals such as Cu^2+^, Co^2+^, Ni^2+^, and Zn^2+^ are interesting because of their use as hydrolytic metalloenzyme models \[[@B48-molecules-25-00136]\]. Hydrolases play an important role in the biochemical processes, which can catalyze the hydrolysis of various compounds like carboxylic esters, phosphoesters, amides, nucleic acids, and peptides. The design of artificial hydrolases leads to vast application prospects in many aspects, e.g., molecular genetic tools, the degradation of toxic phosphate esters, the design of medicine, and functional materials \[[@B59-molecules-25-00136],[@B60-molecules-25-00136],[@B61-molecules-25-00136],[@B62-molecules-25-00136]\]. Recent reports present metal complexes such as Cu^2+^, Co^2+^, Ni^2+^, Zn^2+^ with macrocycles having in its molecule nitrogen and oxygen atoms behave perfectly as an artificial hydrolase. This basic research for new derivatives of P-pivot lariat ethers will allow us to determine how stable complexes give these compounds and if possible, their use as artificial hydrolases \[[@B63-molecules-25-00136]\].

2. Results and Discussion {#sec2-molecules-25-00136}
=========================

In this paper, we reported the preparation of a new macrocyclic derivative of cyclotriphosphazene by the substitution of its reactive chlorine atoms with (S)-(1-methylpyrrolidin-2-yl) methanamine ([Scheme 3](#molecules-25-00136-sch003){ref-type="scheme"}).

2.1. Investigations of Silver Ions Complexes with the Ligand {#sec2dot1-molecules-25-00136}
------------------------------------------------------------

Simple direct titration of the ligand with AgNO~3~ solution was applied for the determination of formation constants of Ag^+^ complexes with investigated compounds in acetonitrile and methanol. The analyses were performed at 298.1 ± 0.1 K with the use of 0.1 M (C~2~H~5~)~4~NNO~3~ as the supporting electrolyte. Before each measurement Nernst's equation was verified in the following system:

The specific measurements were performed in the system: where cL^0^ is the initial concentration of the ligand, and cAg is the concentration of silver ions.

The experiments were triplicate for three different ligand concentrations cL^0^, which ranged from 1͘ × 10^−3^ to 1 × 10^−2^ M. The obtained reproducibility of the results was ± 0.20 mV.

The activity of the unbound silver ions was calculated on the basis of the emf values applying the Nernst equation. The stability constants were calculated using HYPERQUAD 2003 program \[[@B64-molecules-25-00136]\]. In the case of our investigation, we made the assumption for different models of complexation equilibria and the resulting fitting parameters are presented in the final models. The presumption of the other models gave a very poor chi-square parameter or gave no reliable results at all. The determined values of stepwise stability constants were summarized in [Table 1](#molecules-25-00136-t001){ref-type="table"}.

As can be seen from [Table 1](#molecules-25-00136-t001){ref-type="table"}, almost in all cases stability constants of investigated complexes were higher in acetonitrile solution. This tendency to form complexes with higher stability constants with macrocyclic cyclotriphosphazene derivatives occurs for the first time. Usually, other derivatives were characterized by higher stability constants in methanol \[[@B31-molecules-25-00136]\]. The much easier formation of the complexes in acetonitrile than in methanol was confirmed by MS analysis ([Figure 1](#molecules-25-00136-f001){ref-type="fig"}). On MS spectra in methanol ([Figure 1](#molecules-25-00136-f001){ref-type="fig"}b), we did not see signals indicating the various forms of the complex, whereas in acetonitrile ([Figure 1](#molecules-25-00136-f001){ref-type="fig"}a) ligand signals with silver ions were immediately visible (*m*/*z* = 1192). This was probably related to the strong solvation of the ligand by methanol. Solvent molecules will more easily penetrate into the polyether part, to which access is facilitated, as they are not heavily hindered by large substituents. Thus, the complex formed with a 1: 1 stoichiometry in methanol, which is formed with exocyclic nitrogen atoms from substituents, has a higher stability constant (log β = 8.61) in this solvent. The formation of further forms of complexes is probably hampered by solvent molecules. It is also worth noting that Fyles and Zeng, during the study of the formation of supramolecular complexes of cations with crown ethers, noted the electrospray ionization process can result in differential production of ions from the equilibrium mixture and comparisons between ions of differing charges or stoichiometries may not correspond to the inherent selectivity of the host in solution \[[@B65-molecules-25-00136]\].

In the case of investigated ligand, we observed four different types of complexes: AgL (1:1), Ag~2~L (2:1), Ag~3~L (3:1), and Ag~4~L (4:1). In both solvents, the most stable form of the complex is a system where one molecule of the ligand binds the first silver ion.

Contrary to the previously-described PNP-lariat ethers derivatives \[[@B31-molecules-25-00136],[@B32-molecules-25-00136],[@B33-molecules-25-00136],[@B34-molecules-25-00136]\] the sites and way of successive binding of silver ions (as confirmed by NMR and MS studies) were completely different. In the AgL system, the silver ion is bound by exocyclic nitrogen atoms derived from substituents ([Scheme 4](#molecules-25-00136-sch004){ref-type="scheme"}).

In the NMR spectra taken after the addition of the amount of silver ions corresponding to the system in a 1:1 ratio ([Figure 2](#molecules-25-00136-f002){ref-type="fig"}b), we see changes in the range of 3.10--2.65 ppm what implies that the first silver ion is binding by nitrogen atoms derived from the substituents attached to the exocyclic phosphorus atom.

The second silver ion is bound by the endocyclic nitrogen atom from the cyclotriphosphazene ring. The method of binding two silver ions through ligand L is shown in [Scheme 5](#molecules-25-00136-sch005){ref-type="scheme"}.

Also here, the confirmation of the binding of the second silver ion is the NMR spectra ([Figure 2](#molecules-25-00136-f002){ref-type="fig"}c). The shifts of signals from the CH~2~OP group in the range of about 4 ppm are clearly visible and are similar to the ones previously described for such place of the silver ion binding \[[@B31-molecules-25-00136],[@B32-molecules-25-00136],[@B33-molecules-25-00136],[@B34-molecules-25-00136]\]. In this stage of complexation, one can observe the shift of the signals located at about 3.30 ppm assigned to CH~2~-O fragments of the polyether ring. Such behavior suggests the additional interaction of the oxygen atoms of polyether moiety in the process of binding of the second silver ion.

Subsequent silver ions in the Ag~3~L and Ag~4~L systems are bound by interaction with the π electrons of the benzyl rings in the attached substituents. In the NMR spectra ranging from 1 ppm to 5 ppm for both acetonitrile ([Figure 3](#molecules-25-00136-f003){ref-type="fig"}), no significant shifts are observed which would indicate the other site of silver ions binding.

On the other hand, there are significant shifts above 7 ppm, which indicate the interaction of cation with π electrons of benzene rings ([Figure 4](#molecules-25-00136-f004){ref-type="fig"}).

For the studied ligand L, we do not observe the sandwich complex, which is related to the high steric hindrance caused by the spacious substituents.

2.2. Mass Spectrometry Investigations of Ligand and Its Complexes with Ag^+^ Cu^2+^, Co^2+^, Ni^2+^, and Zn^2+^ Ions {#sec2dot2-molecules-25-00136}
--------------------------------------------------------------------------------------------------------------------

The ESI-MS results obtained for the basic measurements of the studied complexes are presented in [Table 2](#molecules-25-00136-t002){ref-type="table"}. As one can see, the spectra of the investigated ligand L revealed the presence of the protonated molecule, at *m*/*z* = 1084.568 (\[L + H\]^+^), and a less abundant signal at *m*/*z* = 1106.582 corresponding to the sodium adduct of compound L+Na^+^ ([Figure 5](#molecules-25-00136-f005){ref-type="fig"}). The MS/MS fragmentation spectrum for the protonated ligand at *m*/*z* 1084 is presented in [Figure 6](#molecules-25-00136-f006){ref-type="fig"}. The analysis of the observed fragmentation ions shows two different series. The first fragmentation pathway passes through fragment ions with *m*/*z* 894, 706, 618, 547, 459 and 355 ([Scheme 6](#molecules-25-00136-sch006){ref-type="scheme"}). In the first phase, two substituents attached to endocyclic phosphorus atoms are detached, then the ring is broken down and the next fragment is removed from the substituent. The second path ([Scheme 7](#molecules-25-00136-sch007){ref-type="scheme"}) proceeds with the incomplete detachment of the two substituents attached to the endocyclic nitrogen atoms and further cleavage of polyether chain until a fragment of only one substituent is obtained (*m*/*z* 912, 722, 399, and 191).

After the determination of the fragmentation pattern of the protonated ligand, we took the ESI-MS spectra for the mixtures of the investigated compound with the nitrate salts of the following ions: Ag^+^, Co^2+,^ Cu^2+,^ Ni^2+^, and Zn^2+^.

Analysis of ESI-MS spectra showed that all metal ions are bound by the investigated ligand. For a monovalent silver ion, some diverse forms of complexes were obtained, whereas, in the case of divalent cations, only complexes with a nitrate anion were observed. The confirmation of the obtained stoichiometry and ascribing to the presented forms were done on the basis of isotopic pattern comparison of the observed and simulated spectra. We can observe four different forms of complexes for Ag^+^ ions ([Figure 7](#molecules-25-00136-f007){ref-type="fig"}).

The most abundant form of the complex at *m*/*z* 1192 is derived from the \[Ag^(I)^L\]^+^ system. The second intensive signal is from the \[Ag^(I)^~2~L\]^2+^ system with two silver ions bound by the ligand. The Ag~3~L and Ag~4~L complexes were much less abundant than the ones with Ag:L ratio equal 1:1 or 2:1. In each of the observed complexes, the characteristic doubled signals with the difference of 2 Da can be noticed. Such shape of the spectrum is typical of silver complexes due to its existence in 2 isotopic forms (^107^Ag and ^109^Ag in comparable amounts). Binding of silver ions, as confirmed by NMR studies provided here, takes place through nitrogen atoms derived from substituents attached to the exocyclic phosphorus atom, an endocyclic nitrogen atom and through benzene rings. Fragmentation of the isolated signal *m*/*z* 1192 ([Scheme 8](#molecules-25-00136-sch008){ref-type="scheme"}) proceeds in the first stage with detaching of the substituents attached to the endocyclic phosphorus atoms (*m*/*z* 1002 and 814), followed by separation of the substituent and polyether ring fragments.

The final signal on the spectrum at *m*/*z* 1192 comes from a system in which there is a silver ion, which indicates a strong binding of this ion by the investigated ligand.

All divalent metal cations Co^2+,^ Cu^2+,^ Ni^2+^, and Zn^2+^ form only one type of complexes in which the nitrate anion is involved. The lack of other forms of complexes with divalent cations ([Table 1](#molecules-25-00136-t001){ref-type="table"} and [Figure 8](#molecules-25-00136-f008){ref-type="fig"}, [Figure S1](#app1-molecules-25-00136){ref-type="app"}, [Figure S2](#app1-molecules-25-00136){ref-type="app"}, [Figure S3](#app1-molecules-25-00136){ref-type="app"}) for Ni^2+^, Co^2+^, Cu^2+^, and Zn^2+^ complexes, respectively) probably is related to very high steric hindrance of the parent molecule strictly connected with the branchy substituents attached to the cyclotriphosphazene subunit. Analyzing the ESI-MS spectra as well as tandem mass spectra and the subsequent fragmentation patterns of the complexes with individual divalent cations [Figure 8](#molecules-25-00136-f008){ref-type="fig"} and [Scheme 9](#molecules-25-00136-sch009){ref-type="scheme"} for \[Ni^(II)^L + NO~3~\]^+^ complex, and [Figures S1--S6](#app1-molecules-25-00136){ref-type="app"} and [Schemes S1--S4](#app1-molecules-25-00136){ref-type="app"} for the other investigated divalent metal ions complexes, one can see a similar tendency in the observed fragmentation routes. At the first step, the fragmentation of individual forms of complexes \[ML + NO~3~\]^+^ begins with the detachment of the nitrate anion, and then as a result of the ionization, the molecule loses the individual fragments of the substituents. For all doubly charged metal ions complexes, in all complexes of the ligand with divalent metal ions, the fragmentation patterns clearly show that the binding of the metal ion occurs via the endocyclic nitrogen atom. Due to the fact that in case of Ni(II), Zn(II), and Co(II) complexes the tandem mass spectra do not show the peaks related to the breaking of the polyether macrocyclic moiety of the ligand one can suppose that binding of the metal ion is also supported by additional interaction with oxygen atoms of the ligand cavity. Only in the case of Cu(II) ion, which in the experimental conditions is reduced to Cu(I), has the cleavage of the macrocyclic ring been observed, suggesting that in this case the binding of the metal ion is realized solely by endocyclic nitrogen atom of the cyclotriphosphazene subunit. Furthermore, the interaction is probably strengthened by additional stabilization by oxygen atoms from crown ether moiety (there is no cleavage of the macrocycle skeleton under the influence of the applied voltage during the experiment). Similar fragmentation pathways were also noticed in previous studies of these complexes with morpholinyl and piperidinyl substituents \[[@B35-molecules-25-00136],[@B36-molecules-25-00136]\].

3. Materials and Methods {#sec3-molecules-25-00136}
========================

3.1. Materials {#sec3dot1-molecules-25-00136}
--------------

### 3.1.1. For the Synthesis {#sec3dot1dot1-molecules-25-00136}

(S)-(1-methylpyrrolidin-2-yl) methanamine was synthesized according to the procedure presented earlier \[[@B66-molecules-25-00136]\]. We used Benzene (Sigma Aldrich) CHROMASOLV^®^ Plus "for HPLC", and Hexane (POCh Gliwice, 99%). The reactions were carried out under argon atmosphere (dry).

### 3.1.2. For the NMR Measurements {#sec3dot1dot2-molecules-25-00136}

For all NMR measurements, we used deuterated solvents from Sigma Aldrich: Chloroform-d (99.8 atom % D), Methanol-d4 (99.8 atom % D) and Acetonitrile-d3 (99.8 atom % D).

### 3.1.3. For the Potentiometric Measurement {#sec3dot1dot3-molecules-25-00136}

Acetonitrile (Sigma Aldrich) for HPLC and Methanol (J. T. Baker) for HPLC were used. AgNO~3~ (Sigma Aldrich, 99.0%) and tetraethylammonium nitrate (Sigma Aldrich, 98.0%, NT) were used.

### 3.1.4. For the MS Measurements {#sec3dot1dot4-molecules-25-00136}

AgNO~3~, Cu(NO~3~)~2~, Co(NO~3~)~2~, Ni(NO~3~)~2~, and Zn(NO~3~)~2~ were analytical grade compounds from Sigma Aldrich. We used Acetonitrile for HPLC "Gradient grade" (Sigma Aldrich) and Methanol (J. T. Baker) for HPLC "Gradient Grade". All solutions in methanol and acetonitrile (10^−3^ M each) were prepared daily prior to dilution to 10^−4^ M for mass spectrometric investigation (ligand/metal salt ratio 1:1). In each case, the freshly prepared solutions were used.

3.2. Characterization Techniques {#sec3dot2-molecules-25-00136}
--------------------------------

### 3.2.1. NMR Measurements {#sec3dot2dot1-molecules-25-00136}

NMR spectra were recorded with Bruker (Avance III 600) instrument in CDCl~3~; chemical shifts are reported relative to solvent residual peak (^1^H: δ = 7.26 ppm \[CDCl~3~\]; ^13^C: δ = 77.0 ppm \[CDCl~3~\]; for ^31^P: δ = 0.0 ppm external reference 85% H~3~PO~4~).

### 3.2.2. Elemental Analysis {#sec3dot2dot2-molecules-25-00136}

Elemental analysis (C, H, N) was recorded using the Elementar Super Vario Micro Cube apparatus.

### 3.2.3. Potentiometric Measurements {#sec3dot2dot3-molecules-25-00136}

The potentiometric measurements were carried out with the use of Cerko microburette controlled by computer with silver electrode Ag^0^/0.01 M AgNO~3~ + 0.09 M (C~2~H~5~)~4~NNO~3~ in methanol solution as a reference electrode. The activity of the uncomplexed silver ions was calculated from the emf values by using the Nernst equation verified at the first step of the measurement procedure \[[@B34-molecules-25-00136]\]. The stability constants were computed by using HYPERQUAD 2003 program \[[@B64-molecules-25-00136]\]. To determine the stability constants of the complexes of investigated ligands with the other selected metal ions, the competitive potentiometric method was used \[[@B30-molecules-25-00136]\].

### 3.2.4. ESI-MS^n^ Analyses {#sec3dot2dot4-molecules-25-00136}

The structural characterization of the complexes obtained was performed using Thermo Scientific LCQ Fleet ion trap mass spectrometer with electrospray ionization (Thermo Fisher Scientific Inc., San Jose, CA, USA). Samples of the complexes were dissolved in acetonitrile or methanol, and then the respective solutions were introduced into the ESI-MS source by continuous infusion by means of the instrument syringe pump at a rate of 10 μL min^−1^. Nitrogen was used as the nebulizing gas. The ESI source was operated at the range 3 to 3.5 kV (depending on the experiment), and the capillary heater was set to 200 °C. For ESI-MS/MS experiments, the ions of interest were isolated monoisotopically in the ion trap and were collisionally activated and the helium damping gas that was present in the mass analyzer acted as a collision gas.

The RF amplitude was set to a value that caused to decrease in the peak height of the fragmented molecular ion in the range if 70% to 30% (depending on the experiment). All experiments were performed in positive-ion mode. All the investigated fragmentation patterns were based on the results obtained from MS-Fragmenter and Spectrus Processor 2016 software (Advanced Chemistry Development, Inc., Toronto, Ontario, M5C 1B5, Canada) by ACD/Labs.

### 3.2.5. TLC Analyses {#sec3dot2dot5-molecules-25-00136}

Silica Gel 60-F254 plates (Sigma Aldrich) were used for TLC analyses.

3.3. Synthesis {#sec3dot3-molecules-25-00136}
--------------

1,3-(oxytetraethylenoxy)-1,3,5,5-tetra-\[(S)-(1-methylpyrrolidin-2-yl)methanamino\]-cyclotriphosphazene (L). 1,3-(Oxytetraethylenoxy)-1,3,5,5-tetrachlorocyclotriphosphazen (0.235 g, 0.0005 mole) and (S)-(1-methylpyrrolidin-2-yl) methanamine (0.760 mL, 0.004 mole) in dry benzene (50 mL) were placed in a 3-necked round-bottomed flask (100 mL) equipped with argon inlet tube. The reaction has been carried out at r.t. with continuous stirring for 72 h. TLC analysis was applied to monitor the progress of the reaction. In this case, hexane-THF (2:3) mixture was used as eluent. Then the reaction mixture was filtered and the solvent was removed under reduced pressure. The yield of the obtained ligand L: 52.6%.

^1^H NMR (600 MHz, CDCl~3~), δ(ppm): 7.32--7.17 (20H, m, HC(arom.)); 4.10 (2H, m, CH~2~OP); 3.99 (2H, m, CH~2~OP); 3.98 (4H, d, CH~2~-Ph); 3.78--3.50 (12H, m, CH~2~OC); 3.30 (4H, d, CH~2~-Ph); 3.10--3.00 (8H, m, CH~2~-NH); 2.85--2.75 (4H, m, P-NH); 2.99--2.89 (4H, m, H~2~C(5)); 2.85--2.75 (4H, m, HC(2)); 2.24--2.17 (4H, m, H~2~C(5)); 1.97--1.83 (4H, m, H~2~C(3)); 1.85--1.75 (4H, m, H~2~C(3)); 1.73--1.63 (8H, m, H~2~C(4)); ^13^C NMR (151 MHz, CDCl~3~), δ(ppm): 139.4, 128.7, 128.3, 126.9, 70.7, 70.3, 64.0, 62.1, 58.9, 58.4, 54.3, 54.1, 43.2, 42.3, 28.1, 23.0; ^31^P NMR (242 MHz, CDCl~3~), δ (ppm): 22,0 (d, P(OCH~2~)NNBn); 19.7 (t, P(NNBn)~2~, JPP = 50.0 Hz, A2B system); ESI-MS *m*/*z* = 1084.7 \[M + H^+^\], 1107.6 \[M + Na^+^\]; elemental analysis: calculated for C~56~H~84~N~11~O~5~P~3~: C 62.03; H 7.81; N 14.21; found: C 62.15; H 7.59; N 14.14.

4. Conclusions {#sec4-molecules-25-00136}
==============

In this work, the synthesis of a new macrocyclic derivative with optically active substituents in the form of a benzyl derivative of (S)-prolineamine is presented. Potentiometric and NMR studies were presented for the investigated ligand complexes with silver ions in acetonitrile and methanol. Electrochemical, NMR, and MS studies have confirmed the unexpected and promising possibilities of complex formation by a new compound. Ligand with silver ions forms four types of complexes with different stoichiometry-AgL, Ag~2~L, Ag~3~L, and Ag~4~L, with the most stable 1:1 form observed in both solvents.

Unlike similar derivatives the obtained stability constants, are higher in acetonitrile, which results from the stronger solvation of our ligand by methanol molecules. Furthermore, silver ion in the AgL complex is preferably attracted to nitrogen atoms from substituents which are attached to the exocyclic phosphorus atom. In the previously described PNP lariat ethers derivatives, binding of the first silver ion was realized by the endocyclic nitrogen atom from the cyclotriphosphazene subunit \[[@B30-molecules-25-00136],[@B31-molecules-25-00136],[@B32-molecules-25-00136],[@B33-molecules-25-00136],[@B34-molecules-25-00136],[@B35-molecules-25-00136],[@B36-molecules-25-00136]\]. The second silver ion is bound by the endocyclic nitrogen atom of the cyclotriphosphazene ring. However, in Ag~3~L and Ag~4~L systems, there are interactions between silver ions and π electrons of benzyl rings.

MS studies confirmed the existence of complexes with Ag^+^, Cu^2+^, Co^2+^, Ni^2+^, and Zn^2+^ ions. For a monovalent silver cation, the existence of four types of complexes has been confirmed. The presence of the AgL^+^ complex with unusual binding through the nitrogen atoms from the exocyclic substituents may provide the structural unit to build a new coordination polymer. Divalent cations form only one type of complexes additionally supported by nitrate anion. Binding of Co^2+^, Ni^2+^, and Zn^2+^ ions takes place via the endocyclic nitrogen atom from the cyclotriphosphazene ring supported by oxygen atoms of polyether macrocyclic moiety. Only the case of Cu^2+^ ions reduction from copper (II) to copper (I) ion has been observed during experimental conditions and the obtained complex is only formed by endocyclic nitrogen atom from cyclotriphosphasen subunit.

The MS/MS results show that all types of complexes that are formed are stable under the conditions of applied voltage and do not undergo fragmentation with metal ion detachment.

**Sample Availability:** Samples of the compound **L**. are available from the authors.
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The following are available online. Figure S1: The ESI-MS spectrum of L with Co(NO~3~)~2~, Figure S2: The ESI-MS spectrum of L with Cu(NO~3~)~2~, Figure S3: The ESI-MS spectrum of L with Zn(NO~3~)~2~, Figure S4: The ESI-MS/MS^2^ spectrum of the complex with Co^2+^ ion at *m*/*z* = 1204, Figure S5: The ESI-MS/MS^2^ spectrum of the complex with Cu^2+^ ion at *m*/*z* = 1208, Figure S6: The ESI-MS/MS^2^ spectrum of the complex with Zn^2+^ ion at *m*/*z* = 1209, Scheme S1: Fragmentation pathways of the \[Co^(II)^L+NO~3~\]^+^ complex ion *m*/*z* 1204, Scheme S2: The first fragmentation pathway of the \[Cu^(II)^L+NO~3~\]^+^ complex ion *m*/*z* 1204, Scheme S3: The second fragmentation pathway of the \[Cu^(II)^L+NO~3~\]^+^ complex ion *m*/*z* 1204, Scheme S4: Fragmentation pathway of the \[Zn^(II)^L+NO~3~\]^+^ complex ion *m*/*z* 1204.
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molecules-25-00136-t001_Table 1

###### 

The stability constants of the complexes of the investigated ligand with Ag^+^ ions determined by potentiometric measurements.

  Complex Form                      L             
  --------------------------------- ------------- -------------
  Ag^+^ + L → AgL^+^                7.12 ± 0.01   8.61 ± 0.01
  AgL^+^ + Ag^+^ → Ag~2~L^2+^       5.94 ± 0.01   3.83 ± 0.01
  Ag~2~L^2+^ + Ag^+^ → Ag~3~L^3+^   4.28 ± 0.01   3.41 ± 0.01
  Ag~3~L^3+^ + Ag^+^ → Ag~4~L^4+^   3.06 ± 0.01   1.99 ± 0.01

molecules-25-00136-t002_Table 2

###### 

Complexes confirmed by electrospray mass spectrometry and tandem mass spectrometry methods (ESI-MS/MS).

  ----------------------------------------------------------------------------------------------------------------------------
           L + M              L + 2M                 L + 3M                 L + 4M                 L + M + NO~3~
  -------- ------------------ ---------------------- ---------------------- ---------------------- ---------------------------
  Ag^+^    \[Ag^(I)^L\]^+^\   \[Ag^(I)^~2~L\]^2+^\   \[Ag^(I)^~3~L\]^3+^\   \[Ag^(I)^~4~L\]^4+^\   \-\--
           1192.388           648.966                468.395                378.340                

  Co^2+^   \-\--              \-\--                  \-\--                  \-\--                  \[Co^(II)^L + NO~3~\]^+^\
                                                                                                   1204.090

  Cu^2+^   \-\--              \-\--                  \-\--                  \-\--                  \[Cu^(II)^L + NO~3~\]^+^\
                                                                                                   1208.414

  Ni^2+^   \-\--              \-\--                  \-\--                  \-\--                  \[Ni^(II)^L + NO~3~\]^+^\
                                                                                                   1203.062

  Zn^2+^   \-\--              \-\--                  \-\--                  \-\--                  \[Zn^(II)^L + NO~3~\]^+^\
                                                                                                   1209.260
  ----------------------------------------------------------------------------------------------------------------------------

[^1]: Current affiliation: Łukasiewicz Research Network-Institute of Biopolymers and Chemical Fibres, Marii Skłodowskiej-Curie 19/27, 90570 Łódź, Poland.
